INTRODUCTION AND BACKGROUND
A solar power system provides a viable option as an alternative energy source to create electricity under environmentally friendly operating conditions. Research and development of solar energy systems has become an important factor in solving the present energy crisis and in preventing the environmental damage caused by the burning of fossil fuels [1] . In spite of the relatively high initial investment cost, a solar power system can provide great benefits, especially in isolated regions that lack a power grid but enjoy abundant sunshine throughout the year. In general, even where power grids exist, demand and thus electric bills become unusually high in the summer, resulting in periodic blackouts that disrupt businesses, cause refrigerated food and medicines to spoil, which shuts down much-needed pumps, fans, air-conditioning, communication, and other systems. Hence there is a need to implement solar and other alternative energy systems, not only in isolated communities, but also in cities and towns throughout much of the world. In fact, to encourage the wide use of renewable energy, some governments currently allow people to use expenses incurred in the installation of renewable energy systems in their homes or businesses as tax deductions and subsidize startup costs for community civic use.
Solar or photovoltaic (PV) cells are made of semiconductor materials such as silicon that convert sunlight into electricity. When sunlight strikes the PV cells, a portion of its energy is absorbed within the semiconductor material and it displaces electrons, creating electric fields capable of generating electric currents to power loads connected to the solar cells. A typical 100 cm 2 silicon solar cell can produce 0.5 V and generate up to 3 A of electrical current [2] . The rated power (in Watts) of a solar cell or solar panel is specified by its characteristic output voltage multiplied by the electric current flowing out of the cell under specific operating conditions. Solar cells have relatively low efficiency (generally between 15 and 20%) because part of the sunlight energy striking the solar cells is required to make the electrons move, leaving holes which are then occupied by other electrons, thus producing electricity. However, new technology has resulted in the creation of solar cells that are about 40% efficient [3] , and researchers are continuously trying to make them cheaper and better.
A solar module is an array of solar cells, and a solar panel consists of several solar modules that produce a specific rated output voltage, current, and power. Solar panels usually require fuses to protect the solar cells against overcurrent and have diodes to protect them against reverse-current flow. PV panels produce silent, pollution-free electricity wherever sunlight is available, but their power output depends on numerous factors such as solar irradiance, incidence angle, ambient temperature, and the electric loads being powered, which is determined by people whose lack of knowledge about PV-generated power is likely to cause them to have unrealistic expectations of the system. In designing power systems for underserved regions, solar and wind are two energy sources that complement each other, allowing the generation of renewable energy under a variety of atmospheric conditions for rural and urban settings [4] . For a static solar panel, energy production has a parabolic shape from 7 a.m. to 7 p.m. (daylight hours), with maximum output occurring at about 1 p.m. [5] , whereas wind energy production is generally irregular, peaking at different times depending on geographic location and weather conditions [4] . However, this paper focuses on solar energy as a source of electricity, because we found that wind rows throughout the Ciudad Valles Municipality (county) are insufficient to economically incorporate wind generation into a system that meets their needs.
Optimization and control algorithms can be implemented to maximize renewable energy harvesting, particularly when charging batteries during periods when the state of charge (SOC) of the batteries and solar radiation are both at equal extremes -too high or too low. Unless the energy demand is similar to the electricity being produced, two critical situations frequently occur: (a) the renewable energy is wasted or not collected because batteries have reached their full storage capacity, or (b) not enough energy is produced by the system to fully charge the batteries and satisfy human demand. In such situations, a control algorithm is needed to make decisions about when to turn loads on, or off, in a prioritized way determined by established usage expectations for the system. At present, ongoing research is also focused on developing better ways to store energy in the form of hydrogen for fuel cells [6, 7] . Nonetheless, regardless of how the energy is stored, a smart control system strategy constructed with culturally informed human factors research, resulting in a training program for local system users and managers, is required to manage the renewable energy system, protect the system components, and prevent overuse from unplanned consumption.
Storing electricity is both difficult and expensive, which is one of the main limitations to implementing reliable renewable and sustainable energy systems using solar and wind power sources [8] . Even though lithium-ion batteries have better performance than lead batteries, because they cost more, lithium-ion batteries are used mainly for low-energy-capacity systems, while lead batteries are better suited for higher energy storage applications [8] . Batteries are charged and discharged daily, and the SOC is usually estimated by measuring their voltage and current history [9] . Also, batteries experience self-discharge and therefore must continuously be recharged to prevent low SOC. Extended periods of low SOC reduce battery life, requiring more frequent replacement and higher system cost. Since batteries are one of the major costs of a renewable energy PV system, a battery management system is required to optimize its performance, preventing over-or undercharging operating conditions. Failure to account for this will result in the system falling into disuse, because consumers cannot afford unplanned replacement batteries, thus resulting in customer dissatisfaction. In communities where alternative energy systems are most needed, traditional knowledge systems are generally dominant and knowledge of electrically driven technology limited. In the face of unexpected system failures and costs, people in such communities will abandon renewable energy systems and revert to traditional systems, which although inadequate to improve quality of life, are at least predictable to them.
Al Kalaani [10] indicated that even though there is great enthusiasm for renewable energy, there is a lack of understanding of the benefits of using renewable energy sources. Hence it is essential that some engineering courses at the university level incorporate sustainable energy concepts and applications to encourage education and implementation of these technologies. To this end, a small-scale solar energy system was implemented in the mechanical engineering department at The University of Texas-Pan American (UTPA). Initial experimental efforts were focused on investigating the charge-discharge performance of batteries while varying load, solar panel power, panel inclination angle, and sun-tracking effect [11] . A series of current and voltage transducers and signal-conditioning components were installed and monitored using a data acquisition system which allowed for the system performance and efficiency to be quantified. Additionally, the data collected were analyzed to determine the peak hours of electric generation. The main objective of the initial study was to identify potential residential and commercial applications of small-scale solar power systems. To lay a foundation for eventually establishing consumption and management expectations, a working relationship was established with Ciudad Valles decision makers through the Mexican Consul of McAllen, TX, coordinated by the Office of the Dean of the College of Social and Behavioral Sciences. UTPA researchers and administrators (lead by the university provost) visited Ciudad Valles, whose decision makers in turn visited UTPA to view and learn about the system in its proof-of-concept stage and to discuss human factors issues with researchers in the College of Social and Behavioral Sciences. The current work presented in this paper is an extension of the earlier study conducted by the authors and is aimed at exploring renewable energy prospects and feasibility for isolated communities and remote areas.
PARADIGM APPLICATION DETAILING SYSTEM REQUIREMENTS AND CONSTRAINTS
Ciudad Valles, located in San Luis Potosi, Mexico, is home to more than 150,000 people and is the third largest municipality in the state. At its center is the populated city of Ciudad Valles proper, surrounded by small towns, villages, and isolated homesteads inhabited by people of Huastecan ethnicity, with Huastec the first language and Spanish second. The region is equipped with an electric power grid; however, government planners deemed it unfeasible to extend power lines to the county's outer rural regions, meaning that a substantial percentage of the overall population does not have electricity for basic needs (e.g., light, refrigeration, and emergency equipment). The people living in these remote communities want electricity, understanding that it will give them access to services that do not currently exist for them. The authors of this paper and Ciudad Valles municipal representatives met on several occasions in order to gain a better understanding of the needs and requirements of the people living in the region's isolated rural areas, establish initial knowledge about design constraints so that a suitable solar power system can be implemented to meet expected electric power needs, establish a baseline for testing and improvement, and produce knowledge to optimize systems as they are implemented throughout the region.
To emphasize the worldwide importance of renewable energy projects, Zahnd et al. [12] explained how in poor villages in Nepal, and in many other countries including developed countries, about 2 billion people endure harsh living conditions in part because of the lack of electricity. For instance, in many villages people prepare meals on open fireplaces that require burning logs inside their houses, generating smoke clouds that create respiratory problems with negative health consequences manifesting in increased morbidity and a shortened lifespan. Deforestation problems are also caused because of the logs needed for the fireplaces and tree resin extraction needed to create candles. As an example of small-scale electricity generation, Zahnd et al. [12] installed a 150 W hydropower generator to provide 30 houses with three 1 W white light-emitting diode (LED) lights which, although a seemingly small contribution, tangibly benefited people of that village. Increasingly, developing countries are realizing the importance of using renewable energy systems to provide distance learning programs to children and parents in rural communities without access to education, as exemplified by the works of Ross et al. [13] and Foster et al. [14] , whose projects were funded by the U.S. Department of Energy and the U.S. Agency for International Development (USAID).
Ciudad Valles is situated in a valley characterized by a very warm climate with no substantial amount of wind but an abundance of sunlight; more than 329 days (90%) of each year are sunny, indicating that solar energy is the most viable candidate of all prospective renewable energy sources to generate electricity for the people of Ciudad Valles. With that in mind, the main goal of this project was to identify, implement, and test affordable, low-maintenance, environmentally friendly solar power systems with sufficient energy storage capacity to meet the everyday needs of the people living in rural Ciudad Valles, sustainably, without interruption. Incoming solar radiation, or "Insolation," is defined as the solar radiation received on the earth's surface measured in units of kilowatt hours per square meter per day (kWh/m [15] . In Ciudad Valles, the yearly average insolation is 4.7 (kWh/m 2 /day) [16] , and rainfall is approximately 4.88 days per month [17] . Rainfall typically entails cloudy climates, and therefore reduces the amount of sunlight. The relatively high insolation value and low rainfall frequency in the Ciudad Valles region further supports the implementation of a solar power system as opposed to other renewable energy systems.
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Based on the latitude of the Ciudad Valles region (~22 o north), solar panels should be installed at an inclination angle of about 22 o facing south in order to maximize energy collection.
As mentioned previously, the basic power needs of people living in the rural communities were determined after several meetings with Ciudad Valles municipality officials. The authors were asked to devise small-to medium-size solar power system configurations capable of powering a mobile clinic, a house, a two-classroom school, and a community center. Detailed information regarding the various electric loads to be powered along with the total power requirement for each of the four different energy consumption scenarios are summarized in Tables 1-4 . The mobile clinic (Table 1) is equipped with a small refrigerator (50 W) to store medicines and vaccines, a satellite phone for emergencies, a laptop to keep track of patient medical records, and an 18 W light. The house ( Table 2 ) is intended to model a two-room home, and contains a small refrigerator running continuously, a ceiling fan and one light per room, and a radio. The school (Table 3) is modeled after a modest elementary school with two classrooms and one office, each of which contains a fan and lights, one computer allocated per room with a shared printer, and a radio. Finally, the community center (Table 4) , which is planned for the general use of the people living in the community, is made up of two large rooms and a bathroom and is equipped with two fans and five lights (one fan and two lights per large room, and one light in the bathroom), a satellite phone for emergencies, a television for entertainment, education, and information, a laptop computer, and a radio for recreation and information during emergencies. Note that the inverter that appears in all four tables is essential to the operation of the solar power system as it converts the DC voltage of the batteries into the AC voltage supplied by the wall outlets. The inverter is connected to the batteries at all times and it draws a small amount of current to power LED indicators and some other electronic components that dissipate energy. Furthermore, even though Tables 1-4 show the refrigerator operating only 12 h per day, it is in fact running continu-
78
Tarawneh et al. ously but draws power only when the compressor turns on. It was determined through several battery discharge tests that the refrigerator draws power for 12 h per day as an average. The aforementioned result will be discussed further in a later part of this paper. The information presented in Tables 1-4 was used to setup three solar power system configurations and establish a test plan aimed at verifying the four different energy consumption schemes. The three system configurations varied in the rated power of the solar panels utilized (250, 450, and 650 W), the energy capacity of the batteries (1243 Wh per pair of small batteries, and 4100 Wh per pair of large batteries), and the number of battery pairs used to store the energy (one or two pairs). In short, the objective of the experiments was to demonstrate that the devised solar power system configurations are capable of providing sufficient energy to power the mobile clinic, house, school, and community center with no interruption (except to conduct maintenance). Total power requirements for the systemFor this paper, only the house energy consumption scenario was validated; however, by verifying the house configuration, the mobile clinic was validated as well, considering that the loads for both scenarios are very similar. Performance predictions for the school and community center system configurations based on the results obtained from the house scheme and the charging tests conducted utilizing the 650 W solar panels are also presented here.
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EXPERIMENTAL TESTING
Several experiments were carried out in order to examine and quantify the performance of the solar power system set up at UTPA. The various tests were designed to obtain accurate estimates of the time required to charge and discharge deep-cycle batteries under several operating conditions and to perform a feasibility study on the house energy consumption scenario discussed previously. Eight experiments were chosen for inclusion in this paper. A brief description of these eight tests is given in Table 5 , with details about each experiment to be provided in the following sections of this paper.
Experimental setup
The solar power system setup at UTPA is comprised of five PV solar panels (one 150 W panel, two 200 W panels, and two 50 W panels), a battery charge controller, six 12 V rechargeable deep-cycle batteries (four 74 Ah batteries and two 225 Ah batteries), and a 1500 W pure sine-wave inverter. A schematic diagram of the experimental setup is shown in Fig. 1 , and a picture of the various components 80 Tarawneh et al. Total power requirements for the systemutilized in the experimental testing along with a detailed description of these components is provided in Fig. 2 and Table 6 , respectively. The PV panels have the advantage of being capable of providing either 12 or 24 V, depending on the type of application sought; the 24 V configuration was utilized here. The solar panels were mounted on the roof of the engineering building at UTPA, facing south at a 26 o angle, corresponding to the latitude of Edinburg, TX. Two 175 ft, gauge eight cables were used to connect the solar panels to the charge controller located in the laboratory that housed the remaining components of the solar power system (see Fig. 2 ). A Morningstar TriStar TS-60 charge controller was connected in the system to regulate the incoming power from the solar panels. Four 12 V deep-cycle batteries rated at 74 Ah and two 225 Ah large batteries were utilized in this study. Note that these batteries were divided into three different sets: set 1 consisted of a pair of used deep-cycle batteries (2 years in service), set 2 was a pair of newly purchased deep-cycle batteries, and finally, Batteries were charged using the 250 W solar panels while being discharged utilizing a daily intermittent power consumption rate of 1064 Wh/day set 3 represents a pair of large batteries rated at 225 Ah. Each pair of the small batteries (74 Ah) was connected in series, providing 24 V and a maximum energy storage capacity of 1776 Wh; however, to avoid damaging the deep-cycle batteries, only 70% of this energy can be efficiently utilized. Therefore, only 1243 Wh of the energy stored in the batteries is available for usage. The pair of large batteries (225 Ah) was also connected in series to provide 24 V and a maximum energy storage capacity of 5400 Wh. In the case of the large batteries, 76% (4100 Wh) of 82 Tarawneh et al.
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FIG. 1:
A schematic diagram of the solar power system and instrumentation setup showing the locations of the current and voltage transducers used to monitor system performance
FIG. 2:
A picture of the various components utilized in the experimental testing conducted at the University of Texas-Pan American (UTPA). A detailed description of the labeled components can be found in Table 6 the energy stored was available for usage. In order to convert the battery bank voltage to regular 110 VAC outlet power, the battery terminals were connected to a Go Power 1500 W pure sine-wave inverter. The performance of the solar power system was quantified by continuously monitoring and recording the voltage and current at key locations (see Fig. 1 ) using a series of voltage and current transducers and a portable data acquisition system. Two voltage transducers were utilized: one to measure the voltage across the PV panels V PV and another to measure the battery bank voltage V b . The current in the system was monitored and recorded using two current transducers, one to measure the current flowing between the battery charger and the battery bank I b and another to measure the current drawn by the electric loads I L . The transducers along with carefully selected signal conditioning circuits converted the measured voltages and currents into DC voltages in the 0-5 V range. This conversion was necessary to meet the data acquisition system limits and to eliminate potential electrical hazards. An Omega Engineering OMB-ChartScan-1400 data acquisition system (DAQ) equipped with a 16-channel analog input card was used to acquire all data. The DAQ system software (ChartView) allows the user to control all aspects of the data acquisition process, as well as display the real-time data on-screen and save it in a spreadsheet for later analysis. In addition, the software was used to set specific conversion factors to every input channel to perform the required calibration. To calibrate the system, a multimeter and a clamp meter were used to verify the readings displayed on the computer, which allowed for the determination of proper conversion factors that were used to display the correct voltages and currents measured from the system.
Experimental Procedure
Numerous experiments were performed in which the selected battery bank was either charged, discharged, or simultaneously charged and discharged using different configurations of the solar panels and electric loads. The procedure followed for each of the three different types of tests is provided here.
Charge Procedure
The charging experiments were geared toward identifying the timeline required for charging the deep-cycle batteries under different daytime conditions, i.e., clear sunny, partly cloudy, and cloudy. The batteries were first inspected to ensure that they were discharged (down to 30% capacity for the 74 Ah batteries, and down to 24% capacity for the 225 Ah batteries) before starting the test. The data acquisition system was then turned on, and the ChartView software was initiated and set to acquire data at a sampling rate of 0.1 Hz. To maximize daylight utilization, all charging experiments were started before sunrise. Charging was complete when the voltage across the deep-cycle batteries reached 28 V, at which point the battery charge controller stopped current from flowing into the batteries to protect the batteries from damage caused by overcharging. Once the batteries were fully charged, the acquisition of data was terminated and a feature in the ChartView software converted the collected data into a suitable spreadsheet for later analysis.
Discharge Procedure
The purpose of the discharge experiments was to verify the discharge times under different electrical load conditions. To begin the discharge test, the batteries were first inspected to ensure that they were fully charged. The desired electric load(s) was connected to the inverter with the inverter turned off. The cutoff switch in-stalled on the input side of the battery charge controller was turned off, eliminating any power input into the batteries from the solar panels. The data acquisition system was then turned on, and the ChartView software was initiated and set to acquire data at a sampling rate of 0.1 Hz. At this point the inverter was turned on, allowing power to flow from the batteries to the electric load(s). The inverter has a built-in safety feature that protects the batteries from excessive discharge. Therefore, data collection continued until the inverter cut off power to the load.
Different combinations of the following devices provided the various electrical loads used in the discharge experiments: a 100 W small refrigerator, four 18 W CFLs (compact fluorescent light bulbs), two 110 W floor fans, and a 4 W alarm clock radio (see Table 6 for a detailed description of these components). Note that some of these loads were used continuously and others intermittently in an attempt to recreate the conditions of a house environment, e.g., the lights were turned on during the night and not during the day, the fans were turned on during the warmest time of the day, and the refrigerator was filled with food and opened frequently to simulate normal operation. Furthermore, since the fans listed in Tables 2-4 are 55 W ceiling fans, the 110 W floor fans were operated for half the time shown in Tables 2-4 in order to achieve the same power consumption.
Simultaneous Charge and Discharge Procedure
The charge-discharge experiments represent the feasibility study conducted on the proposed house energy consumption scenario. For these tests, the experimental setup depicted in Figs. 1 and 2 was utilized with the 150 W panel and the two 50 W panels connected in series, providing a 250 W solar power system. Theoretical calculations validated by initial charge and discharge tests indicated that two pairs of 74 Ah batteries should be sufficient for the house energy consumption scenario. Therefore, battery sets 1 and 2 were employed and connected in parallel with the batteries in each set connected in series to provide the required 24 V. The latter step allowed for a larger battery bank capable of supplying up to 2486 Wh of energy. Note that in these tests the battery bank was charged during the day via the solar panels while simultaneously being discharged through a number of electrical loads.
The charge-discharge experiments started with the two sets of batteries fully charged. The data acquisition system was turned on, and the ChartView software was programmed to collect data at a sampling rate of 0.1 Hz. The electrical loads listed in Table 2 for the house scenario were then connected to the inverter and were activated throughout the day at scheduled times to simulate actual operating conditions. The periods of operation listed in Table 2 were followed as closely as possible. All tests were initiated before sunrise in order to maximize daylight utilization. The targeted duration for these tests was 8 days of continuous operation without completely discharging the batteries. Hence, a successful test is one for which the energy stored within the battery bank at the end of the eighth day is more than sufficient to power the selected electrical loads the following day without fully discharging the batteries.
EXPERIMENTAL RESULTS
In this section, selected plots from the tests described in Table 5 are provided along with an explanation of the main features in these figures. In an effort to give the reader an overall synopsis of the results analyzed, the graphs presented here include all three types of tests conducted for this study, namely, charge experiments, discharge experiments, and simultaneous charge-discharge experiments.
Charge Experiments
As mentioned previously, the main objective of the charge experiments was to quantify the amount of energy that could be accumulated in a day using the available solar panels under different daytime conditions.
The data acquired from the first charge experiment (test 1) listed in Table 5 is plotted in Fig. 3 . The plot gives the current flowing to the battery bank (I b ), the voltage across the solar panels (V PV ), and the power (I b × V PV ) obtained during charging using the 250 W solar panels. The condition of the day was partly cloudy, and the solar power system was able to collect 954 Wh of energy, which was stored in battery set 1 (the two 74 Ah used batteries). Figure 3 shows that the solar panels start accumulating power a little after 7 a.m., but significant power generation greater than 40 W does not begin until about 9 a.m., with peak power obtained around 1 p.m. Fluctuations in the power collected by the solar panels are caused by variations in the intensity of sunlight throughout the day and scattered clouds blocking the sun sporadically. An example of the latter is the large drop in power generation that occurred between 2 and 3 p.m. as a result of clouds obstructing the sunlight. The 30 minute duration of cloudy conditions at peak sunlight hours accounted for a substantial loss of power, approximately 110 W. Note that several significant power fluctuations ensued that afternoon, each caused by scattered clouds partially blocking the sun's rays.
A second charging experiment (test 2), plotted in Fig. 4 , was carried out for a clear sunny day in which the 250 W solar panels were used to charge battery set 2 (the two 74 Ah new batteries). In sunny, clear-sky conditions, the solar power system accumulated approximately 1228 Wh of energy, a 28.7% (274 Wh) increase in energy collection from that of test 1 with partly cloudy day conditions. Figure 4 clearly shows the highest power accumulation occurring between the hours of 12 and 2 p.m., with power peaking at about 1 p.m. Furthermore, the numerous power fluctuations observed in Fig. 3 are nonexistent in Fig. 4 , in which the power curve follows a smooth and symmetric bell-shaped profile centered at 1 p.m.
In test 3 the 650 W solar panels were used to charge battery set 3 (the two 225 Ah large batteries) during a day characterized by partly cloudy conditions in the morning hours and clear-sky conditions in the afternoon hours, as evident by the power profile of Table 5 FIG. 4: A plot of the current (I b ), voltage (V PV ), and power (I b × V PV ) acquired from a charging experiment during a sunny day using the 250 W solar panels. The total energy collected in this day was 1228 Wh. The data in this plot is for test 2, listed in Table 5 lected in this day using the 650 W solar panels was 2674 Wh, which is almost half the maximum energy storage capacity of battery set 3 (5400 Wh). A study of Figs. 3-5 shows that there are, on average, approximately 10 hours of charging time available in a typical day in Edinburg, TX. Furthermore, the 250 W solar panels produced a maximum power of 174 W and collected 954 Wh of total energy in a partly cloudy day, whereas the same solar panels provided a maximum power of 195 W and accumulated 1228 Wh of energy in a sunny day with clear skies. Based on the latter numbers and using an average value of 1091 Wh of energy collection per day, the 250 W solar panels can fully charge a pair of 74 Ah batteries in about 11.4 hours, which translates roughly to 1.2 days. Remember that even though the maximum energy storage capacity of the small battery set is 1776 Wh, only 1243 Wh of the energy stored in these batteries is available for use, which corresponds to the amount of energy that needs to be recharged. The 650 W solar panels produced a maximum power of 413 W and collected 2674 Wh of total energy during a partly cloudy day. The aforementioned implies that the 650 W solar panels can fully charge the large battery set (set 3) in 2 days, or equivalently, can fully charge the two small battery sets (sets 1 and 2) in only 1 day, even if parts of the day are cloudy.
Discharge Experiments
Before commencing the continuous operation testing of the solar power system, it was imperative to perform discharge experiments to establish a timeline for how long the battery sets can power the various electrical loads. The latter information 88 Tarawneh et al.
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FIG. 5:
A plot of the current (I b ), voltage (V PV ), and power (I b × V PV ) acquired from a charging experiment during a partly cloudy day using the 650 W solar panels. The total energy collected in this day was 2674 Wh. The data in this plot is from test 3, listed in Table 5 .
was used to estimate the duration of operation for the selected electrical loads for the house energy consumption scenario. In tests 4 and 5 (see Table 5 ), the two small battery sets, sets 1 and 2, were discharged separately using a daily continuous power consumption rate of 2688 Wh/day produced by two 110 W floor fans operating for 5 hours, one 4 W clock radio operating for 1 hour, four 18 W lights operating for 4 hours, one 100 W refrigerator operating continuously, and one 4 W inverter operating continuously. Note that the refrigerator draws power only when the compressor is on, which was found to cycle on and off approximately every 32 minutes; hence the refrigerator only consumes power for 12 hours a day. The results of tests 4 and 5 indicate that the two 74 Ah battery sets 1 and 2 lasted 9.75 and 10.9 hours, respectively. The aforementioned implies that battery set 1 supplied 1092 Wh of total energy, while set 2 provided 1221 Wh of energy. Remembering that the pair of small batteries has 1243 Wh of energy available for use, it can be seen that battery set 2 discharged almost all (98%) of its available energy during the test, whereas battery set 1 discharged only 88% of its available energy. The latter can be explained by the fact that battery set 2 consists of two new deep-cycle batteries, while set 1 is a pair of batteries that have been in service for at least 2 years and have been charged and discharged numerous times, which has slightly reduced their efficiency.
Based on the findings of tests 4 and 5, it was decided that the power consumption rate of 2688 Wh/day was too large for the pair of 74 Ah batteries. Therefore, a daily intermittent consumption rate of 1884 Wh/day was utilized in test 6, generated by one 110 W floor fan operating for 4 hours, one 4 W clock radio operating for 1 hour, two 18 W lights operating for 4 hours, one 100 W refrigerator operating continuously, and one 4 W inverter operating continuously. The current supplied to the electric loads I L and the voltage across the battery bank V b during the discharge experiment is plotted in Fig. 6 . Figure 6 shows that the voltage across the battery bank starts at about 26 V and decreases as the batteries are being discharged. The ripples seen in the voltage profile correspond to the periods where the refrigerator compressor turns off, effectively decreasing the current drawn by the electric loads. The current curve resembles a periodic waveform caused by the refrigerator compressor that cycles on and off approximately every 32 minutes. The spikes in the current curve are due to the compressor requiring more power initially to reach steady-state operating conditions. During the first 4 hours of the test, the current drawn was high because all of the electric loads were turned on; after that, the refrigerator was the only appliance powered by the batteries. When the desired refrigerator temperature was reached, the compressor would turn off and the current drawn would drop to about 0.15 A, which corresponds to the current needed by the inverter to operate. It took 19.5 hours to fully discharge the batteries (set 2), at which point the voltage across the battery bank was down to 22.5 V and the inverter turned off power to protect the batteries from excessive discharge. Based on the results of test 6, it was concluded that using only one set of small batteries will not be sufficient to maintain the intermittent consumption rate of 1884 Wh/day in the proposed weeklong tests. Therefore, it was decided to use both sets of small batteries, sets 1 and 2, in the charge-discharge experiments.
Note that in Fig. 5 , the starting voltage across the battery bank was 26 V, yet earlier in this paper it was mentioned that the deep-cycle batteries used in this study are fully charged when the voltage across the battery bank reaches 28 V. The aforementioned is an operational characteristic of these deep-cycle batteries. The voltage tends to drop from 28 to 26 V once the batteries are connected to the inverter. This does not imply any loss of energy, as evidenced by the results of test 5, for which 1221 Wh (98%) of the total available energy was discharged.
Charging-While-Discharging Experiments
The charging-while-discharging experiments are a proof-of-concept type of test in which the renewable solar power system devised at UTPA was used to run continuous operation experiments (week-long tests) to study the feasibility of using such systems to power small households in remote areas.
One-Day Test
The analysis of the data obtained from the separate charge and discharge experiments provided useful information that was used to plan the continuous operation tests. The discharge of battery set 2 in test 6 gave promising results, and it was assumed that adding another small battery set (set 1) to the battery bank would provide a system that can sustain a daily intermittent consumption rate of 1884
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FIG. 6:
A graph of the current supplied to the electric loads (I L ) and the voltage across the battery bank (V b ) during the discharge experiment of test 6. A daily intermittent consumption rate of 1884 Wh/day was used in this test.
Wh/day continuously. However, before committing to a full-week test, it was decided to set up a 1-day charging-while-discharging experiment to ensure that our assumption was correct. With that in mind, test 7 was carried out with the results given in Fig. 7 , which represents the current delivered to the battery bank I b and the voltage supplied by the 250 W solar panels V PV during the 24 hour test, and Fig. 8 , which provides the current drawn by the electric loads I L and the voltage across the battery bank V b .
The 1-day charging-while-discharging experiment was started at 12:45 p.m. with the two sets of 74 Ah batteries, sets 1 and 2, fully charged. The batteries were simultaneously charged by the 250 W solar panels while being discharged using a daily intermittent consumption rate of 1884 Wh/day, similar to that used in the discharge experiment of test 6.
It can be seen from Fig. 7 in the current curve that the weather conditions were partly cloudy during the test, as evident by the current fluctuations. The current gradually decreased over several hours as the sun started to set, whereas the solar panel voltage dropped sharply over the twilight period and reached about zero at dusk. The current and voltage remained approximately zero over the night hours and started increasing again as the sun rose the next day.
As mentioned earlier, the discharge portion of test 7, plotted in Fig. 8 , is very similar to the discharge experiment of test 6, as expected. However, unlike test 6, the batteries did not fully discharge at the end of the 24 hour experiment (test 7), Table 5 ). The total energy collected in this day was 978 Wh. The test was initiated at 12:45 p.m.
as evident by the voltage across the battery bank V b remaining above 24.8 V throughout the test. The current drawn from the batteries I L varied based on the loads being powered. At the start of the test, the refrigerator, the radio, and the fan were on. One hour later, the radio was turned off and the lights were turned on, accounting for the rise in current drawn. The fans were turned off 3 hours later, which resulted in a decrease in the current drawn. An hour later the lights were turned off, leaving the refrigerator as the only appliance drawing current for the remainder of the test. At the conclusion of test 7, the results acquired were analyzed and it was found that the total energy collected during this 24 h test was only 978 Wh, which implies that even with the two sets of 74 Ah batteries utilized, the 250 W solar panels will not be sufficient to provide a continuous operation at a daily intermittent consumption rate of 1884 Wh/day. Hence two solutions were considered: either use the 650 W solar panels with the two sets of small batteries, or reduce the daily intermittent consumption rate. The latter solution was chosen since cost was an important factor, and it was desired to keep the cost of the solar system that powers the mobile clinic and the house as low as possible. With that in mind and based on the results of tests 1 and 2 which indicate that the total energy collected per day in partly cloudy and sunny conditions is 954 and 1228 Wh, respectively, a daily intermittent consumption rate of 1064 Wh/day was selected to carry out the continuous operation experiments.
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FIG. 8:
A plot of the current drawn by the electric loads (I L ) and the voltage across the battery bank (V b ) during test 7. A daily intermittent consumption rate of 1884 Wh/day was utilized in this test. The experiment was started at 12:45 p.m.
Week-Long Test
The week-long charging-while-discharging experiment was aimed at validating the house consumption scenario summarized in Table 2 . The test was run using a daily intermittent consumption rate of 1064 Wh/day, which was produced by one 55 W ceiling fan operating for 4 hours, one 4 W radio operating for 1 hour, two 18 W lights operating for 4 hours, one 50 W refrigerator operating continuously (compressor on for ~12 h/day only), and one inverter running continuously. The weeklong experiment (test 8) was started at 8:00 p.m. with both sets of 74 Ah batteries (sets 1 and 2) fully charged. The data acquired from test 8 are plotted in Fig. 9 , which gives the current delivered to the battery bank I b and the voltage supplied by the 250 W solar panels V PV during the 192 hour (8 day) test, and Fig. 10 , which provides the current drawn by the electric loads I L and the voltage across the battery bank V b . Figure 9 shows that five out of the 8 days were characterized by unfavorable weather conditions (cloudy conditions), which resulted in low sunlight intensity and thus, low energy input from the solar panels. The latter becomes evident by observing the low current of day 1 and days 4-7, with the fifth and seventh days being the worst. Earlier in this paper it was pointed out that the yearly average rainfall in Ciudad Valles is approximately 4.88 days per month [17] . Hence it was decided to consider the week-long experiment (test 8) a worst-case scenario that simulates a week containing several consecutive cloudy days. To compensate for the days of low charging power, the electric load was reduced in those days to en- Table 5 ). The test was initiated at 8:00 p.m.
sure that the test would be completed successfully. Therefore, all appliances other than the refrigerator were in operation for half of their proposed time on the fourth day, and on the fifth, sixth, and seventh day, all appliances were turned off except for the refrigerator. On days 1, 2, 3, and 8, the full electric load was used, as can be seen in Fig. 10 . The values for the total energy collected in each of the 8 days are given in the following section accompanied with a detailed discussion. In Fig. 10 it can be observed that the refrigerator ran for only 12 hours each day, even though it was stated earlier that it was in continuous operation. The latter can be explained by the fact that the house energy consumption scenario calls for a 50 W refrigerator running continuously; however, since the only refrigerator readily available was rated at 100 W, it was powered by the inverter from 8:00 a.m. to 8:00 p.m. (the time of highest demand), and switched to regular outlet power from 8:00 p.m. to 8:00 a.m. in order to keep the food from spoiling.
DISCUSSION OF RESULTS
The mathematical software MATLAB was used to plot all the graphs provided in this paper and conduct an analysis of the results. Utilizing a toolbox within this software, the area under the power curve can be calculated, which gives the total energy collected by the solar panels at any given day and the total energy consumed by the electric loads connected to the system's inverter. The power delivered by the solar panels was acquired by multiplying the voltage across the solar panels V PV by the current flowing to the battery bank I b , whereas the power used by the electric loads was obtained by multiplying the voltage across the battery 94 Tarawneh et al. bank V b by the current supplied to the inverter I L . Table 7 provides a breakdown of the total energy supplied by the 250 W solar panels and the energy consumed by the electric loads for each of the eight days in test 8.
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Examining the data shown in Table 7 reveals that 5 out of the 8 days had inadequate (less than the needed 1064 Wh) supply of energy to the battery bank, which is in agreement with Fig. 9 . As previously mentioned, Ciudad Valles experiences approximately 5 days of rainfall per month, on average, indicating cloud cover during part or all of those days. Therefore, the week-long experiment (test 8) unintentionally simulated a worst-case-scenario week, incorporating 5 days of limited sunlight. The highest value of energy supplied by the 250 W solar panels in test 8 occurred on the eighth day and was equal to 1147 Wh of energy, which is approximately 76.5% of the maximum attainable theoretical value of 1500 Wh/day based on an insolation value of 4.0 kWh/m 2 /day in South Texas, and a solar panel area of 2.5 m 2 performing at an efficiency of 15%. The Ciudad Valles region has a higher insolation value of 4.7 kWh/m 2 /day, so the maximum possible energy collection in that area using the same solar panels would be about 1762 Wh/day. Hence, for a day similar to that of day 8 in test 8, where 76.5% of the maximum possible energy collection was attained, the energy collected in Ciudad Valles should measure about 1348 Wh, which is approximately 200 Wh of energy per day more than what was collected in this test. The foregoing discussion implies that the conditions in Ciudad Valles are even more favorable than in South Texas, so validation of the solar power system in South Texas signifies its feasibility in the Ciudad Valles region.
As discussed previously, in test 8 the actual energy consumed by the electric loads was adjusted to compensate for the days with low energy collection, as shown in Table 7 and corroborated in Fig. 10 . Note that the actual energy consumed by the electric loads when operated as proposed in Table 2 differs from the theoretical energy consumption rate of 1064 Wh/day for two main reasons: first, the load from the refrigerator varies depending on usage, and second, the power requirements for each of the appliances has been rounded up, meaning that these appliances draw a little less power than what is stated. The actual energy remaining in the battery bank at the end of each day was calculated by subtracting 2486 Wh, which is the total energy available for usage in both battery sets (sets 1 and 2) that start off fully charged, from the actual energy consumed by the electric loads, and adding the energy supplied by the solar panels. For example, on the first day more energy was consumed than supplied; hence the remaining energy in the batteries dropped slightly. On the following day the energy supplied by the solar panels was more than the energy consumed by the electric loads, so the battery bank was fully recharged back to 2486 Wh. Remember that the battery charge controller does not permit any additional charging of the batteries past 100% to prevent damage to the batteries caused by overcharging.
By looking at the fourth column in Table 7 , it can be seen that by reducing the amount of energy consumption in the days with low energy collection, the battery bank was allowed to recover and the actual energy stored in the batteries remained very close to fully charged conditions. However, in real application mode, it is not possible to regulate how people will use appliances on a cloudy day; thus, theoretical calculations were performed to ensure that the system would run continuously had the 1064 Wh/day consumption rate been used consistently during the worstcase-scenario week. The latter calculations are shown in columns five and six of Table 7 , demonstrating that the solar power system would still be able to run continuously, even after 5 days of inadequate energy collection. Using the average value of the energy collection in days 2, 3, and 8 (which is 1120 Wh of energy) as the basis to calculate the amount of time required for the batteries to fully recover their initial charge of 2486 Wh, it would take about 30 days if the 1064 Wh/day consumption rate were consistently utilized. On the other hand, the energy reserve in the battery bank could be depleted if bad weather persisted, resulting in more days with low energy collection, assuming no efforts were made to reduce the amount of energy consumed per day. The aforementioned underscores the necessity of advance research to assess the expectations of the people that will use a renewable energy system, coupled with training designed to manage expectations when they take control of the system, including follow-up maintenance checks and continuing education to train users to understand, manage, and maintain their power system.
Based on the results of test 8, theoretical predictions for the school and community center energy consumption scenarios were carried out and are presented in Tables 8 and 9, respectively. The energy supplied by the 450 W solar panels was calculated by multiplying the insolation of Ciudad Valles (4.7 kWh/m 2 /day), times the total surface area of the solar panels that form the system (3.38 m 2 ), times the efficiency of the solar panels (15%), times the percentage of maximum possible energy collection discussed earlier in this section (76.5%), which gives a total energy of 1823 Wh/day. The energy supplied by the 650 W solar panels was obtained in a similar fashion using a total solar panel surface area of 5.31 m 2 , which gives an energy collection value of 2864 Wh/day. The latter value seems reasonable considering that the energy collected in a partly cloudy day by the 650 W solar panels at UTPA in test 3 was equal to 2674 Wh. The theoretical energy consumed by the electric loads in Tables 8 and 9 was taken from Tables 3 and 4 , respectively. To provide realistic predictions, four consecutive days were modeled as bad days, supplying only half the energy of a good day. The theoretical analysis demonstrates that both systems are capable of sustaining a continuous operation. Furthermore, it can be observed that it takes the system powering the school about 5 days to recover to fully charged battery bank condition, while the system powering the community center recovers in only 4 days.
Finally, a simple cost analysis was conducted to provide a basis of comparison for the three different size solar power systems devised at UTPA. The total cost, including all accessories and wiring, of the system developed for the house and mobile clinic, which consists of 250 W solar panels and two pairs of 74 Ah deepcycle batteries, comes out to about $3000 per household or mobile clinic. The cost of the system designed for the school, which consists of 450 W solar panels and two pairs of 74 Ah deep-cycle batteries, is approximately $4500, and the cost of the system developed for the community center, which consists of 650 W solar panels and one set of 225 Ah deep-cycle batteries, is roughly $8000. The cost estimate information given here along with the experimental results presented can be used to assess the feasibility of implementing these solar power systems in South Texas, in Ciudad Valles, and in any region with comparable weather conditions.
CONCLUSIONS AND FUTURE WORK
The main focus of the study presented in this paper was to provide an economical, efficient, and practical (i.e., feasible) design of a renewable energy system for isolated communities without any power grid. The design took into account human factors in culturally and educationally variable developing regions. This project was specifically applied to the outer, rural regions of the Municipality of Ciudad Valles, a 925 square mile county in the state of San Luis Potosi, Mexico. The project assessed the feasibility of various sources of renewable energy. Ultimately, after an initial study of the region's topography, it was decided that an optimized solar energy system would be most suited to provide electricity for the residents of this developing region that live outside the power grid. Three different size solar systems were proposed to power four different energy consumption scenarios, namely, a mobile clinic, a two-room home, a two-classroom school, and a medium-size community center. A series of tests and experiments were conducted in an effort to evaluate and quantify the performance of the proposed energy systems. Analysis of the results indicates that proof of concept has been established. The administration of Ciudad Valles plans to implement community support systems providing health care, education, and infrastructure for community meetings in the first phase of development. The plan includes a residence for on-site personnel to provide and coordinate services. A good deal of advance human factors planning went into this project. However, when implemented the proposed energy system will be studied to address unforeseen problems that will arise after local people take control of the system. During planning for the implementation phase, social scientists on the research team will study successful systems with an eye toward Bolivia, where coordination between centralized nongovernmental organizations (NGOs) and indigenous Aymara-speaking people has resulted in widespread adoption of sustainable, renewable energy systems from solar and water sources [18] .
There are many alternative models, ranging from wholly commercial to grass roots NGOs, to provide the energy necessary to advance development in health, education, civic engagement and democratization, and economics in developing regions. The Ciudad Valles approach begins with governmental (Ciudad Valles Municipal Administration and Mexican Consulate) and institutional (UTPA) planning and research. The municipal government will lead the way in setting up an initial system for a rural community. However, by establishing an infrastructure to support local community education, training, and decision-making meetings, it is laying a foundation from which the community will eventually be able to take full ownership of its own renewable energy infrastructure, with the know-how to grow it for economic development. Rural Ciudad Valles is plagued with the negative local side of emigration; a large portion of adult males are absent from the local labor market and working in the United States due to lack of local jobs. In the media there is much discussion of the need for Mexico to develop its economy, but in the United States there is little understanding of the challenges this poses for a country with large, isolated indigenous populations that have no experience in their own communities with the energy infrastructure required to participate competitively in more than the impoverished local labor economy. Achieving regional, national, and global knowledge economy development in indigenous regions of Mexico will require multistaged, long-term planning to achieve success. Ciudad Valles and researchers at UTPA are approaching this project with that in mind. Consequently, future work will require building local technical and cultural support, which will include ongoing energy system and human factors data collection for improvement of the plan and its outcomes as it is implemented across the region. In the early stages, this will have to be managed by UTPA researchers and Ciudad Valles administrators, while local communities, educators, and entrepreneurs are identified and assisted in developing the skills needed to profitably sustain and grow the plan.
